Introduction
Pertussis, commonly known as whooping cough, is a highly transmissible respiratory infectious disease caused by Bordetella pertussis. Worldwide, it is estimated that there are 30-50 million pertussis cases and 300,000-400,000 deaths due to the disease per year [1, 2] . In non-vaccinated populations, pertussis occurs seasonally, with variations in time and place, displaying epidemic cycles of two to five years [3] . The epidemic cycles continue to be observed even when high vaccination coverage (≥90% coverage with three doses in infants [4] ) is achieved, possibly because pertussis vaccination can protect well against severe forms of disease but not so well against infection [5] [6] [7] [8] . Although a dramatic decrease in incidence occurs after the introduction of vaccination against pertussis, elimination of the disease has never been achieved, even in countries with decades of high vaccination coverage [3, 9, 10] .
Recently, a resurgence of the disease has been described in several countries with high vaccine coverage, in North America (the United States [11, 12] and Canada [10] ) and in Europe (e.g. the Netherlands [13] , Norway [14] , Germany [15] , the United Kingdom [16, 17] and Slovenia [18] ). Pertussis resurgence in a context of sustained high vaccination coverage may be explained by the following: (i) better diagnosis and reporting, especially of patients with milder and/or non-specific forms of the disease, in whom notification has been considered underestimated [19] ; (ii) waning of natural and vaccineinduced immunity [19] ; (iii) loss of vaccine effectiveness due to an antigenic shift of B. pertussis strains [13] ; and (iv) lower vaccine effectiveness of acellular pertussis vaccine (aP) compared with wP [11, 20] and less sustainable immunity, at least when aP is administered to preschool children (aged 0-6 years) [9, 21, 22] .
In Spain, the whole cell vaccine against pertussis combined with diphtheria and tetanus toxoids (wP) was commercialised in the 1960s and administered in two annual campaigns to infants (aged <1 year). In 1975, wP was included in the national childhood immunisation schedule, with three doses (at 3, 5 and 7 months of age). In 1996, the vaccination schedule was changed, reducing the age of administration of the three doses, to 2, 4 and 6 months of age, and included an additional fourth dose at 15-18 months of age. In 2001, a fifth dose was added to the vaccination schedule, at 4-6 years of age. In 2005, wP vaccine was replaced by a three-component aP.
Notification by general practitioners of the weekly number of pertussis cases to the national surveillance system has been mandatory in Spain since 1982. In 1996, case-based reporting was implemented, with inclusion of individual basic epidemiological data (sex, age, case classification and history of vaccination) and became fully functional in 1998. Pertussis notification remains based on a standard clinical case definition according to criteria of the World Health Organization (WHO) [23] and European Centre for Disease Prevention and Control (ECDC) [24] . A pertussis case was defined as any person with cough lasting at least two weeks, in the absence of another apparent cause, with at least one of the following symptoms: paroxysms of coughing, inspiratory stridor or convulsive post-tussive vomiting. Cases were classified as: (i) suspected -i.e. a person with clinical criteria; (ii) confirmed by an epidemiological link -i.e. a person with clinical criteria and an epidemiological link to a laboratory-confirmed case; and (iii) laboratory confirmed -isolation of B. pertussis from a clinical specimen or B. pertussis nucleic acid detected by polymerase chain reaction (PCR) or B. pertussis-specific antibody response.
Vaccination coverage in Spain increased progressively during 1982 to 2012 and since 1998 has remained above 95% for the three basic doses [25] . Vaccination coverage for the four-dose schedule has been between 93% and 95% since 1996, and for the five-dose schedule has remained around 80-90% since 2001 [25] .
After 12 years of low incidence (between 0.8 and 1.5 per 100,000 inhabitants annually from 1998 to 2009 [26] ) except for a peak in 2000, when the rate increased to 2.3/100,000, reported data showed an increase of pertussis incidence during 2010 to 2012 (from 1.9 to 7.5 per 100,000 inhabitants annually). We present here results of pertussis epidemiology in Spain from 1998 to 2012, to describe incidence overall and by age and hospitalisation trends and to identify the susceptible age groups most affected by the increased incidence. This should help to understand the resurgence of the disease in a context of sustained high vaccination coverage in Europe and provide health authorities with information that will help to define the best vaccination policies.
Methods
To analyse the general trend of pertussis incidence in Spain in parallel with three-dose vaccine coverage, data on incident cases were obtained from the National Epidemiological Surveillance Network, from 1982 to 1997 as weekly aggregated data and from 1998 onwards as case-based data and data on vaccine coverage for the three-doses schedule were obtained from the Ministry of Health, Social Services and Equality [27] . Since fully functioning case-base notification in 1998, cases without information on age were attributed to the different age groups, assuming a similar distribution by age group for cases with known age in the same year, although from 2005 onwards, only 0.4% of cases (40/9,960) were reported without age information.
Hospitalisation data since 1998, including patient age and length of stay, were available from the national registry of hospitalisations of the Ministry of Health. We included all notified cases reported to the National Epidemiological Surveillance Network in our analysis, including suspected cases, in order to analyse the overall changes in pertussis incidence. Suspected cases were included because the proportion of cases confirmed by the laboratory or an epidemiological link remained constant during our study period (1998-2012).
We describe here the overall annual pertussis incidence rates, number of deaths due to pertussis and annual hospitalisation rates due to pertussis from 1998 to 2012. To analyse the evolution of the incidence by age, we calculated the annual incidence rates and hospitalisation rate by age group (<1, 1-4, 5-9, 10-14, 15-49 and ≥50 years) from 1998 to 2012. We also assessed changes in incidence in subgroups of notified cases aged less than 1 year (<1, 1, 2, 3-5, 6-8 and 9-11 months).
We defined four periods according to the observed epidemic waves and changes in pertussis vaccination: 1998-2001 (reference period), 2002-05 (following introduction of fifth dose of wP at 4-6 years of age), 2006-09 (following switch to aP for all five vaccine doses) and 2010-12 (pertussis resurgence wave), in order to identify possible changes in pertussis epidemiology related to vaccination changes. Period incidence rate ratios (IRRs) and hospitalisation rate ratios (HRRs) were calculated by Poisson regression, taking the 1998-2001 epidemic wave as reference, and expressed as the ratio between the period rates (overall or by age group) and the rate for 1998-2001 in the same group. IRRs or HRRs >1 (p<0.05) were considered as statistically significant increases in the rate and IRRs or HRRs <1 (p<0.05) as significant decreases. Confidence intervals were calculated using a Poisson distribution. All statistical analyses were performed using Stata version 12.
Results

Pertussis annual incidence rates and hospitalisation rates
Annual vaccination coverage (for the three-dose schedule) and pertussis incidence rates and pertussis hospitalisation rates from 1998 to 2012 are shown, along with those from 1982 to 1997 (Figure 1 ), 1982 being the start of mandatory notification.
Pertussis incidence decreased significantly from the mid-1980s to the end of the 1990s (p<0.001) and the decrease was more pronounced after the inclusion of the fourth wP dose in 1996 ( Figure 1 ).
From 1982 to 1997, the mean annual incidence was 58.9 cases/100,000 inhabitants (standard deviation (SD): 13.1). From 1998 to 2009, except for a peak in 2000 (2.3/100,000), the incidence remained between 0.79 and 1.5 cases/100,000. However, after 2009, the incidence started to increase, with 1.92 cases/100,000 in 2010 and reached 7.5 cases/100,000 in 2012.
The mean pertussis hospitalisation rate during the study period was 1.11/100,000 inhabitants (SD: 0.14), ranging between 0.74 and 2.28/100,000. Similar to incidence rates, after a peak observed in 2000 (2.28/100,000), the rate remained between 0.9 and 1.5/100,000 until 2009, when it began to increase, reaching another peak in 2011 (2.2/100,000), with a lower rate in 2012 (1.5/100,000).
Although the hospitalisation and incidence rates followed the same pattern from 1998 to 2012, the incidence rates were slightly higher than the hospitalisation rates between 1998 and 2006 (incidence rate/ hospitalisation rate: 1.10; p<0.001), but after 2006, the increases in incidence rates were higher than those in hospitalisation rates (incidence rate/hospitalisation rate: 2.60; p<0.001).
Pertussis incidence rates by age group
The increase in pertussis incidence seen during 2010 to 2012 affected all age groups. From 1998 to 2012, incidence rates increased from 33.4/100,000 in infants (aged <1 year) in 1998 to 177.7/100,000 in 2012, with a peak of 214.0/100,000 in 2011; from 5.6 to 39.0 cases/100,000 children aged 1-4 years; from 2.3 to 21.2 cases/100,000 children aged 5-9 years; from 2.3 to 19.3/100,000 children aged 10-14 years; and from 0.04-2.27/100,000 individuals aged ≥15 years ( Figure  2 ).
Among infants, a similar increasing trend was observed in all ages, but was particularly clear in children aged <1, 1 and 2 months of age, i.e. children too young to be vaccinated. Between 1998 and 2012, the incidence increased from 14.5 to 706.1/100,000 infants aged <1 month; from 121.3 to 391.8/100,000 infants aged 1 month; from 86.6 to 422.6/100,000 infants aged 2 months; from 24.4 to 140.4/100,000 infants aged 3-5 months; from 14.8 to 30.6/100,000 infants aged 6-8 months; and from 20.5 to 24.6/100,000 infants aged 9-11 months ( Figure 3 ).
Pertussis hospitalisation rates by age group
From 1998 to 2009, the annual rate of pertussis hospitalisation tended to decrease in all age groups, except in infants aged <1 year, in whom it remained essentially stable (Figure 4 ), but after 2009, an 
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increase was observed in infants aged <1 year, with a peak in 2011 of 378 hospitalisations/100,000 infants. In 2012, the hospitalisation rate decreased to 131.4 hospitalisations/100,000.
Among infants, annual pertussis hospitalisation rates peaked in 2000 and showed no clear changes in the rates until 2010, when rates started to increase, especially in infants of 1 month of age (in 2011, 923.0/100,000), followed by that in those aged 2 months (in 2011, 658.5/100,000) and <1 month (in 2011, 218.8/100,000) ( Figure 5 ). However in 2012, the hospitalisation rate decreased in these age subgroups (625.3, 434.2/100,000 and 143.7, respectively).
Pertussis incidence and hospitalisation rate ratios during the epidemic waves
Taking the 1998-2001 epidemic wave as the reference period, we evaluated changes in the incidence and hospitalisation rate ratios in the three successive epidemic waves in 2002-05, 2006-09 and 2010-12 (Tables 1 and 2 ). showed a significant decrease in the incidence rate (compared with the reference period). In infants aged under <1 year and children aged between 10-14 years, there was a decrease in the incidence rate, but this was not statistically significant. However, individuals aged ≥15 years had a higher incidence rate, when compared with 1998 to 2001. During 2002 to 2005, the hospitalisation rate decreased in those aged <1 year , 1-4 years and especially in the 5-9 year-olds, for whom rates of hospitalisation were reduced nearly by 80%, while those aged over 9 years had a higher rate of hospitalisation (Table 1) .
In 2006 to 2009, after the switch to aP, the overall IRR was similar to that of the previous epidemic wave (2002-05). In children aged 5-9 years and in adults ≥50 years-old, the IRR was lower than in the preceding wave, while in infants aged <1 year, children aged 1-4 years and individuals aged 15-49 years, the IRR increased. On the other hand, the HRR for all age groups was lower than that in 2002-2005, except for infants aged under <1 year, in whom the HRR remained similar to that of the previous wave (Table 1) .
In 2010 to 2012, an increase in incidence was seen in all age groups: the IRR varied between 2.5 and 5.7 in the age groups between 0 and 19 years; in individuals aged 15-49 years, the IRR was 14 and 17 in adults aged ≥50 years. During 2010 to 2012, in contrast to IRRs, HRRs remained below 1 (p<0.05) in the age groups 1-4, 5-9 and 10-14 years, whereas the HRR was >1 in the age groups <1 year (HRR: 
Duration of hospital stay
Data from the national registry of hospitalisations showed that the mean hospitalisation stay was 7.9 days (SD: 10.2) for all cases from 1998 to 2012. The length of stay was longer (p<0.001) in infants aged <3 months (mean: 8.7; SD: 11.9) than in those aged 3-11 months (mean: 6.5; SD: 5.5) and in individuals ≥1 year of age (mean: 5.7; SD: 4.77).
A significant (p<0.001) decrease in stay was observed over time: in 1998 to 2001, the mean duration of stay was 8.9 days (SD: 7.7) while in 2010-12, it was 6.8 days (SD: 6.1)
Pertussis-related mortality from 1982 to 2012
Data from the national mortality registry of the National Institute of Statistics showed that from 1982 to 1987, between one and four deaths due to pertussis were observed every year. From 1988 to 1996, there were no pertussis-related deaths, but in 1997, pertussis-related deaths reappeared and increased from 1-2 to 3-5 annual deaths between 2007 and 2010. In 2011, there were eight pertussis-related deaths and six in 2012. Since 1997, all deaths but one (in a person aged 41 years) were reported in infants younger than 3 months.
Discussion
Our results show that in Spain, pertussis incidence decreased from 133.2/100,000 in 1982 to 0.79/100,000 inhabitants in 1998 after reaching high vaccination Year <1 month 1 month 2 months 3-months 6-8 months 9-11 months Number of hospitalisationsper 100,000 inhabitants of same age group Source: National Epidemiological Surveillance Network. coverage against pertussis, and remained around 1.0/100,000, with a cyclical pattern of epidemic waves every three to five years as described in the literature [3] . However, after 12 years with an incidence ≤1.5/100,000 (except for a peak of 2.3/100,000 inhabitants in 2000), there was a significant increase that started in 2010, with 1.92 cases/100,000 and reached 7.5/100,000 in 2012, affecting especially individuals >14 years and infants <3 months of age. Other countries in North America and Europe with consolidated high vaccination coverage have observed similar re-emergence of pertussis [10, [13] [14] [15] [16] [17] [18] 29] .
The PCR method, introduced during the mid-1990s, was already widely used by all laboratories and hospitals in Spain by the 2000s. If better diagnosis and increased notification have played a role in the increased incidence, it would probably be due to increased awareness among clinicians. However, the fact that the proportion of cases confirmed by the laboratory or an epidemiological link has remained constant over time, the increase in pertussis-related deaths since 2007 and the different trends by age group compatible with the history of vaccination in Spain observed in our results suggest a real increase in pertussis incidence. As would be expected from the vaccination history, in 2002-05 there was already a decrease in incidence and pertussis-related hospitalisation in infants aged >2 months. We also observed a decrease in incidence in children of 1-4 and 5-9 years of age -more evident in those aged 5-9 years -after the introduction of the fourth and fifth doses in 1996 and 2001. However, in the last period of our study , these age groups presented a marked increased incidence as well.
During 1998 to 2012, the highest reported pertussis incidence was observed among infants <1 year-old. However, looking at the trends by age group, reported pertussis incidence started increasing first among individuals aged >19 years during 2002-05, while children aged between 3 months and 19 years continued to be protected. During the last period of our study (2010-2012), although reported incidence increased significantly in all age groups, the most important increase was observed in those aged ≥15 years. This may be explained not only by better diagnosis and improved reporting but also by the progressive accumulation of susceptible individuals, including unvaccinated people who were born before there was high vaccination coverage, and loss of population immunity (natural or acquired by vaccination), after years of low incidence, which reduced the opportunities for boosting immunity with the natural disease [30] .
Immunity is known to wane in around 7-20 years after pertussis infection and 5-6 years after immunisation [30] . Regarding post-vaccine waning immunity, among children aged 10-14 years, the increase of pertussis incidence started only in the last period of our study and was less than that observed among the ≥15 year-olds, in contrast to reports from other countries in Europe, where the increase in pertussis incidence has been seen more in the 10-14 years age group [31] . In our study, lower incidence in this age group (compared with that seen in those aged ≥15 years) is probably associated with the fifth-dose effect at the age of 4-6 years.
In addition to those aged ≥15 years, the other group affected by an increase in pertussis incidence during 2006-09 were infants, specifically those too young to have received the first three doses of pertussis vaccine. This can be explained as a consequence of the infants being infected at home by siblings, parents or grandparents [32] . The important increase in pertussis incidence, hospitalisation and mortality among infants is consistent with ongoing transmission of B. pertussis in Spain, independent of a possible increase in notification during the last period of our study.
The most recent change in the vaccine calendar was the switch from whole cell to acellular vaccine in 2005. Although aP causes fewer side effects than wP [12] , it has been suggested that it has reduced effectiveness compared with wP [11, 20] . Moreover, protection of aP does not last as long as that of wP [11, 22, 33] . Consistent with the characteristics of aP, our data suggest an increasing incidence rate in children born after the switch from wP to aP in 2005 (during 2006-09 compared with 2002-05). This was shown by the fact that the incidence rate started increasing in those aged 1-4 years, already in 2006-09, while in those aged 5-9 years, who had received the five wP doses, the incidence rate was still decreasing. In the subsequent period of our study , the IRR became significantly higher in this after-2005 birth cohort, which included both the 1-4 and the 5-9 year-old children. This is also compatible with our observations that in infants not yet vaccinated, both incidence and hospitalisation rates increased while in vaccinated infants and children, the incidence increased in the last period but the hospitalisation rates continued to decrease, because the vaccine would protect more against severe disease than against infection itself [1] . Consistent with that, we also found a reduction in duration of hospitalisation stay over the study period, which may be associated with the occurrence of less severe forms of the disease. Specific studies will be needed in order to verify these results and estimate vaccine effectiveness.
The main limitations of our study were firstly that the vaccination status of the diagnosed patients was not included in the analysis. However, as pertussis vaccination coverage has remained above 95% since 1998 for the three basic doses, vaccination coverage for the four-dose schedule has been between 93% and 95% since 1996, and although coverage for the five-dose schedule has remained around 80-90% since 2001, we can assume that the ratio of vaccinated to non-vaccinated pertussis cases remained constant throughout the study period. However, during 2010 to 2012, a notable increase in incidence was seen even in younger age groups with constant vaccination coverage.
Secondly, only some diagnosed patients were laboratory confirmed. However, the proportion of laboratoryconfirmed cases remained stable since 2005, so we do not consider that the increased incidence was a result of increased laboratory confirmation. Additionally, because laboratory-confirmed cases are more comparable with hospitalised cases, inclusion of all cases in our study allowed us to describe changes in the overall pertussis incidence rate and this probably would be biased if using only laboratory-confirmed cases had been included.
In conclusion, the last epidemic wave of pertussis seen in 2010-12 shows an increasing trend of the disease, with its main public health consequences affecting pre-vaccinated infants. This will require further reinforcement of pertussis surveillance in Spain, with an emphasis on infants, and assessment of other targeted vaccination strategies, such as cocooning, consisting of selective immunisation of mothers and close family contacts of newborns, as in Switzerland [34] and a maternal vaccination strategy, consisting of administering pertussis vaccine during pregnancy, as proposed in England [35] and Canada [36] in order to prevent infection in infants. Neonatal immunisation has also been suggested, but the effectiveness of one dose in newborns has been questioned given the possible interference with maternal antibodies and the vulnerability of newborns [37] . Discussions about different strategies are being carried out at national level by the Spanish Inter-territorial Health Council. However, to date, only specific recommendations for outbreak situations have been adopted [31] .
